Transgenic tobacco deficient in the H 2 O 2 -removing enzyme catalase (Cat1AS) was used as an inducible and noninvasive system to study the role of H 2 O 2 as an activator of pathogenesis-related (PR) proteins in plants. Excess H 2 O 2 in Cat1AS plants was generated by simply increasing light intensities. Sustained exposure of Cat1AS plants to excess H 2 O 2 provoked tissue damage, stimulated salicylic acid and ethylene production, and induced the expression of acidic and basic PR proteins with a timing and magnitude similar to the hypersensitive response against pathogens. Salicylic acid production was biphasic, and the first peak of salicylic acid as well as the peak of ethylene occurred within the first hours of high light, which is long before the development of tissue necrosis. Under these conditions, accumulation of acidic PR proteins was also seen in upper leaves that were not exposed to high light, indicating systemic induction of expression. Short exposure of Cat1AS plants to excess H 2 O 2 did not cause damage, induced local expression of acidic and basic PR proteins, and enhanced pathogen tolerance. However, the timing and magnitude of PR protein induction was in this case more similar to that in upper uninfected leaves than to that in hypersensitiveresponse leaves of pathogen-infected plants. Together, these data demonstrate that sublethal levels of H 2 O 2 activate expression of acidic and basic PR proteins and lead to enhanced pathogen tolerance. However, rapid and strong activation of PR protein expression, as seen during the hypersensitive response, occurs only when excess H 2 O 2 is accompanied by leaf necrosis.
Plants contain a whole array of cellular mechanisms to defend themselves against invading pathogens. In many cases, pathogen recognition by a host activates the so-called hypersensitive response (HR), which is a resistance response characterized by localized cell death, production of superoxide and hydrogen peroxide, deposition of callose, strengthening of cell walls, and the synthesis of secondary metabolites and proteins with antimicrobial activity (1) . All these responses are deployed between minutes and days after infection. Besides this acute defense at the infection site, some necrotizing pathogens also induce defense responses in distal parts of host plants. Activation of these distal defenses lasts for weeks to months and enhances the resistance against secondary infection by a broad range of unrelated pathogens. In certain plant species, this induced ''immunity'' develops only in nonchallenged parts of infected leaves (local acquired resistance or LAR), whereas in others such as tobacco, Arabidopsis, and cucumber, it is also seen in upper noninfected leaves (systemic acquired resistance or SAR) (2) . Induction of these distal responses is slow compared with local responses; e.g., it usually takes 1-2 weeks in the case of SAR in tobacco.
Development of SAR is associated with the expression of antimicrobial proteins, but it does not seem to involve any of the other local defense mechanisms against pathogens (3) . SAR proteins are a subset of antimicrobial proteins that are also induced during HR, including primarily different classes of acidic pathogenesis-related (PR) proteins (4) . The level of expression of these proteins is, however, often lower during SAR than during HR (5) . The fact that low but constitutive expression of PR and other defense proteins effectively confers protection against pathogens underscores the importance of a timely expression of such proteins for the development of resistance. Consistent with this view is the observation that PR proteins are also induced during a sensitive response but with a delayed timing (ref. 6 and unpublished data). Consequently, understanding the molecular mechanisms that control the timing of expression of PR proteins holds considerable promise for the design of disease control strategies.
Salicylic acid (SA) has been identified as a key signal for the expression of PR proteins during LAR and SAR in tobacco, cucumber, and Arabidopsis. After pathogen infection, levels of SA increase in infected and uninfected leaves, and this SA accumulation is essential for the expression of PR proteins and for resistance during LAR and SAR (7) (8) (9) (10) . Also, H 2 O 2 has been implicated as a signal in PR protein expression, but its role and position in the cascade are a matter of debate (11 H 2 O 2 and other active oxygen species are rapidly produced after pathogen infection during the so-called oxidative burst (17, 18) . The oxidative burst inhibitor diphenyleneiodonium (DPI) has been used to investigate the role of active oxygen species in defense responses against pathogens. Elicitorinduced expression of glutathione transferase in soybean (19) and of phytoalexins in parsley (20) was affected by inhibition of the oxidative burst with diphenyleneiodonium, whereas chalcone synthase expression in soybean (19) and phytoalexin production in tobacco (21) were unaltered. Whether H 2 O 2 is also an integral part of the signaling cascade leading from pathogen recognition to SA production and PR protein expression remains controversial, in part because of the lack of a good inducible system for studying H 2 PPFR, 14 h light͞10 h dark. Pathogen treatments and determination of bacterial titers were performed as described (22) .
Protein Extraction and Immunodetection. Proteins were extracted from leaves from which primary and secondary veins were removed as described (22) . Fifty micrograms of total proteins was separated on SDS͞PAGE, blotted, and immunodetected as described (23) . Primary antibodies used were 1:4000-diluted polyclonal anti-acidic PR-1 antibody (24), 1:2000-diluted polyclonal anti-acidic glucanase antibody (5), 1:2000-diluted polyclonal anti-basic glucanase antibody (5), and 1:5000-diluted anti-GPx antibody (unpublished results). All primary antibodies were incubated for 3 h at room temperature.
SA and Ethylene Determination. Extraction and quantitation of free and conjugated SA were performed basically according to Meuwly and Métraux (25) . SA was detected by using a Shimazu RF 535 fluorescence detector at excitation and emission wavelengths of 305 and 407 nm, respectively.
Ethylene accumulation and accumulation of free 1-aminocyclopropane-1-carboxylate (ACC) were measured as described by Tuomainen et al. (26) with the use of a PerkinElmer Autosystem XL gas chromatograph equipped with a Porapak Q column (80 ϫ 100 mesh, 1.22 m long, 2 mm i.d.; Supelco) and a flame ionization detector.
Detection of Cellular Deterioration by Confocal Scanning Laser Microscopy. YOYO-1 iodide (Molecular Probes) is a nuclear dye that is membrane-impermeant and therefore stains only nuclei of damaged cells. YOYO-1 iodide (1 mM in phosphate-buffered saline) was infiltrated in the leaf through the stomata with a syringe without a needle, and leaf pieces were cut after 1 h. Excess YOYO-1 iodide that had not intercalated in the DNA was subsequently washed out by incubation of the leaf pieces in 1 ml of phosphate-buffered saline. Double-scanned optical sections were generated with a confocal laser microscope (CSLM 510, Zeiss) with argon laser excitation at 488 nm and a band-pass emission filter of 505-530 nm and with helium-neon laser excitation at 543 nm and a long-pass emission filter of 560 nm.
RESULTS
H 2 O 2 is removed very rapidly in plants (19) , implying that exposure to exogenously applied H 2 O 2 is very brief and requires very high doses to exert any effects (14, 15) . In contrast, generation of H 2 O 2 during HR is a sustained response (17) . To understand which defense responses are activated by sustained exposure to excess H 2 O 2 , we used transgenic tobacco plants that express only 10% of wild-type Cat activity (Cat1AS) because of antisense expression of one of the Cat genes (22) . This severe reduction in Cat activity had no apparent consequences under LL. Yet exposure to moderate or HL intensities caused necrosis on the leaves of Cat1AS but not of wild-type plants, indicating that H 2 O 2 production at elevated light exceeds the impaired scavenging capacity of Cat1AS plants. Increased H 2 O 2 production at HL was attributed to photorespiration, because inhibition of photorespiration prevented necrosis (23) . Hence, H 2 O 2 stress in Cat1AS plants follows photorespiration and can be induced by modulation of light conditions without the need of invasive techniques.
SA Accumulation and Local Expression of Acidic PR Proteins. Previously, we demonstrated that Cat1AS plants do not express PR-1 constitutively, but induce PR-1 accumulation after exposure to HL (22) (Fig. 1A, lane 2) . Induction of PR-1 expression coincided with the development of macroscopic lesions on the leaves (22) (see also Fig. 2 Right) and was not observed in HL-treated control plants (22) (Fig. 1 A, lane 1) . HL also induced the expression of acidic glucanase ( Fig. 1 A, lane 2) and acidic chitinase (data not shown) in Cat1AS plants, indicating that the same set of acidic PR proteins are induced during Cat deficiency and after pathogen infection. Expression of acidic PR proteins is induced by SA, and systemic induction of acidic PR proteins by pathogens was shown to depend on SA accumulation (27) .
To determine whether induction of PR-1 by H 2 O 2 follows a SA-dependent pathway, the involvement of SA in PR-1 and acidic glucanase induction during Cat deficiency was investigated. Crosses were made between Cat1AS and transgenic tobacco that does not accumulate SA after pathogen infection because of ectopic expression of a bacterial SA-hydroxylase (NahG) (9) . Progeny of this cross did not induce PR-1 and acidic glucanase expression after exposure to HL (Fig. 1 A, lane  6) , showing that SA is essential for acidic PR protein accumulation during Cat deficiency. This result is in accord with earlier reports on SA requirement for PR-1 induction by exogenous H 2 O 2 (15) or Cat deficiency (16) . However, previous measurements of SA levels in Cat-deficient tobacco had revealed a substantial rise in SAG, but only a slight increase in free SA (28) , in contrast to pathogen-infected tissues, where both forms generally accumulate to high levels (e.g., ref. 29 ). This discrepancy may reflect differences in SA responses in tissues infected with pathogens or exposed to H 2 O 2 , or, alternatively, it could be due to a different timing of SA determination because conjugated and free SA are interconvertible, the ratio between the two possibly being altered with time (30, 31) .
To address the validity of these explanations, time course measurements of SA and SAG in Cat1AS and wild-type plants were performed after exposure of Cat1AS and wild-type plants to HL. No increases in free SA or SAG were observed in wild-type plants exposed to HL (data not shown). In Cat1AS, free SA showed a first transient peak between 3 and 6 h after HL, which was before any signs of leaf injury were discernible (Fig. 1B) . Free SA levels showed a second rise after 33 h of HL, and this increase was paralleled by changes in the conjugated form. The total levels of SA were highest in the second phase, because the conjugated form constituted the major pool of SA (see ordinates for free and conjugated SA in Fig. 1B) , and maximal levels of the second phase were not reached within the shown time course (data not shown). Together, these results indicate that sustained exposure to H 2 O 2 stress induces a biphasic increase in SA production, and this SA accumulation signals the expression of acidic PR proteins in leaves exposed to H 2 O 2 stress.
Systemic Expression of Acidic PR Proteins. Treatment of plants with SA (32) or SA-inducing chemicals (33) does not induce SAR or systemic PR gene expression, indicating that signals upstream of SA are required for the development of SAR. The nature of these signals, however, has thus far not been elucidated. To investigate whether localized production of H 2 O 2 induces systemic PR responses, half parts of lower leaves and entire upper leaves were wrapped in foil during 2 days of HL exposure, which is the time required to obtain maximal induction of PR-1 in the HL-exposed leaves. Plants were subsequently returned to LL, and covered leaf parts were unwrapped. After 2 more weeks, PR-1 expression was analyzed in the covered leaf parts of Cat-deficient and wild-type plants (Fig. 2) . Whereas wild-type plants did not show PR-1 expression, Cat-deficient plants accumulated PR-1 both in covered parts of HL-exposed leaves and in upper leaves that had been entirely covered, indicating that H 2 O 2 functions as a trigger for both local and distal systemic PR responses.
Induction of Other Defense Responses.
To assess whether defense responses other than the acidic PR proteins are inducible by H 2 O 2 , expression of glutathione peroxidase (GPx) and basic glucanase (bPR-2) was analyzed in Cat1AS plants. GPx is part of the antioxidant defense and has previously been shown to be induced by H 2 O 2 and by elicitors in soybean cell cultures (19) . bPR-2 is used to index expression of PR proteins that are mainly activated through ethylene and not through SA (34) . HL exposure of Cat1AS plants induced expression of both GPx and bPR-2 (Fig. 3) . Interestingly, induction of GPx in Cat-deficient plants was observed not only in HL-exposed leaves but also during local and distal SAR (Fig. 3) . bPR-2 mRNA is almost undetectable in uninfected leaves (4), but the protein has been shown to accumulate during LAR (5) . Consistent with these data, bPR-2 induction in Cat1AS plants was observed in parts of the leaves that had been directly exposed to HL, as well as in leaves that developed LAR (Fig.  3) . The enhanced expression of bPR-2 in these plants suggests that H 2 O 2 induces stress ethylene biosynthesis. Indeed, analysis of ethylene levels in Cat1AS plants revealed a dramatic but transient increase in ethylene production, which peaked 3 h after exposure to HL (Fig. 4) . This peak in ethylene emission correlated with elevated levels of its precursor, ACC. Levels of free ACC were approximately 4-fold higher in Cat1AS plants than in controls after 3 h at HL (0.86 and 0.24 nmol per g fresh weight, respectively). A more refined time-course analysis showed a sharp increment in ACC and ethylene production already after 2 h of HL (data not shown), which was earlier than the induction of SA production (Fig. 1B) .
Induction of PR Protein Expression and Enhanced Pathogen Tolerance by Sublethal Levels of H 2 O 2 .
Induction of SA biosynthesis and PR-1 expression by pathogens, H 2 O 2 , or inappropriate expression of specific proteins correlates with the development of leaf necrosis (11) . On the other hand, chemical or UV-B induction of SA responses occurs in the absence of any discernible tissue damage (33, 35) . To investigate whether PR-1 induction in Cat1AS plants requires necrosis, experiments were designed to uncouple PR-1 induction from necrosis during Cat deficiency. Cat1AS plants were exposed to HL for various times, returned to LL, and analyzed for PR-1 expression. Whereas PR-1 expression in heavily necrotic leaves of Cat-deficient plants was similar in level and kinetics to that during HR, PR-1 accumulation after short treatments with HL was a relatively weak and late response, much like that during SAR (Fig. 5A) . Lesions on Cat1AS plants appeared after 1-2 days and required 8 h of HL treatment to develop. Yet, PR-1 accumulation was already induced by 4 h of HL (Fig. 5A) . Close inspection of Cat1AS plants treated with 4 h of HL did not reveal discernible lesions at any stage after the treatment and no premature senescence was seen in these plants (data not shown). Furthermore, no evidence was found for deterioration of single cells, as indexed by nuclear staining with the membrane-impermeant dye YOYO-1 iodide; this observation is in contrast to bleached leaves of Cat1AS or wounded controls ( Fig. 5B ; data not shown). Besides PR-1, GPx and bPR-2 were induced by short HL treatment in Cat1AS plants (Fig. 5A) , indicating that general induction of defense proteins by H 2 O 2 is not dependent on necrosis. Cat1AS plants in which defense activation was uncoupled from damage manifested also enhanced resistance against the bacterial pathogen Pseudomonas syringae pv. syringae (Fig. 6 ). This enhanced resistance correlated with the accumulation of defense proteins because wild-type plants exposed to HL and Cat-deficient plants kept at LL showed similar sensitivity to wild-type plants at LL. However, a linear relationship between the level of defense protein expression and tolerance was not observed, because Cat1AS plants expressing low or high levels of defense proteins showed similar degrees of protection. (16), we found that Cat deficiency did not induce local accumulation of acidic PR proteins in a NahG background. This result is at variance with local induction of acidic PR proteins by pathogens, which is not Cat1AS and control plants precultivated at LL were exposed to HL for 2 days. Samples were harvested 2 days after HL initiation for analysis of protein expression in HL-exposed tissue (Left), or after 2 additional weeks at LL for analysis of LAR (Center) and SAR gene expression (Right). The presence of visible leaf damage at the time of harvest is indicated. The experimental design for analysis of LAR and SAR gene expression was as described in Fig. 2.   FIG. 4 . Time course analysis of ethylene formation in Cat1AS plants after exposure to HL. Cat1AS and control plants precultivated at LL were exposed to HL for 2 days and leaf samples were taken for ethylene quantitation at the times indicated.
prevented in NahG transgenics (38) . The reason for this discrepancy is not clear, but it may indicate some subtle differences between local induction of acidic PR proteins by pathogens and by Cat deficiency, possibly related to the cellular distribution, kinetics, and magnitude of SA accumulation. Interestingly, we found a biphasic induction of SA in Cat1AS plants, with a first peak after 6 h and a second increase after 1 day. Only the second rise in SA was accompanied by increases in SAG. Whether a similar biphasic induction of SA occurs after pathogen infection is not known, because early SA responses have in general not been analyzed. Yet, Dorey et al. (37) reported a transient increase in SA in the leaf zone infiltrated with elicitor, which peaked after 14 h, whereas SA levels in the surrounding zone rose only after 1 day. This may yield a biphasic response when infiltrated and surrounding tissues are not discriminated. The first peak of SA in Cat1AS clearly preceded tissue injury and necrosis, indicating that its induction was not caused by damage per se. Rather, this early production of SA may potentiate the activation of various defense mechanisms, including the oxidative burst and host cell death (39, 40) .
Besides increases in SA and acidic PR proteins, Cat1AS plants also showed enhanced expression of GPx and basic glucanase and manifested a transient peak in ethylene formation, responses that are also induced by pathogens (19, 24, 34) . A strong increment in ACC and ethylene was observed in Cat1AS within 2 h of HL exposure, which is before the rise in SA production. Such a rapid but transient rise in ethylene is consistent with the ethylene response during pathogen infection (41) . These results indicate that during plant-pathogen interactions H 2 O 2 functions as an intermediate signal upstream of both SA and ethylene-dependent signaling pathways.
SA not only is involved in local responses but also is required for the systemic expression of acidic PR proteins (9) . Although evidence has been presented that SA is transported in tobacco from the infection site to upper leaves (42) , other studies have indicated that SA is not the mobile signal for SAR, but rather is newly synthesized in the uninfected leaf. Exogenous application of SA in tobacco does not induce SAR (32) . Furthermore, SAR could be established when wild-type tobacco scions are grafted on NahG rootstocks (43) , and, likewise, SAR could be established in cucumber even when infected leaves were removed from the plant prior to detectable SA accumulation (44) . We have shown now that toxic doses of H 2 O 2 induce the systemic expression of acidic PR proteins. Because necrosis per se is not a trigger of systemic defenses (2, 3) , this result suggests that severe H 2 O 2 stress, possibly in combination with necrosis, is the inducing agent of SAR. The observation that prooxidant chemicals are inducers of SAR is consistent with this model (45) , although a systemic movement of the xenobiotics was not ruled out. Interestingly, the latter study showed that leaves that manifested SAR were also more resistant to oxidative stress, which is in accordance with the identification of an antioxidant enzyme (GPx) as a SAR protein (Fig. 3) . Together, these data are consistent with a signaling function of H 2 O 2 during plant-pathogen interactions and position H 2 O 2 upstream of SA, ethylene, and the mobile signal responsible for SAR.
Our data also demonstrate that sublethal doses of H 2 O 2 induce a set of defense proteins similar to the set induced by toxic doses, but with a delayed timing. Deterioration of single cells was not observed in leaves exposed to sublethal H 2 O 2 doses, indicating that cell death is not essential for defense activation, although it may have a potentiating effect. The FIG. 6 . HL-induced protection of Cat1AS plants against Pseudomonas syringae pv. syringae. Cat1AS and control plants were either maintained at LL or exposed to HL for different times as described in the legend of Fig. 5 and returned to LL for 2 weeks. Leaf damage was assessed as described in Fig. 5 . Then, Pseudomonas syringae pv. syringae at 10 6 per ml were inoculated by infiltration in the leaf and bacterial growth was determined after 24 h by plating serial dilutions of homogenate from inoculated tissue on solid medium (22) . cfu, colonyforming units. The figure displays a representative result of three repetitions. 
